Summary: A mathematical model of cerebral glucose me tabolism was developed to analyze the isotopic labeling of carbon atoms C4 and C3 of glutamate following an intra venous infusion of [l-\ 3 C]glucose. The model consists of a series of coupled metabolic pools representing glucose, glycolytic intermediates, tricarboxylic acid (TCA) cycle intermediates, glutamate, aspartate, and glutamine. Based on the rate of 13 C isotopic labeling of glutamate C4 measured in a previous study, the TCA cycle rate in rat brain was determined to be I. 58 ± 0.41 fLmol min -1 g -1 (mean ± SD, n = 5). Analysis of the difference between the rates of isotopic enrichment of glutamate C4 and C3
Glucose is the primary fuel for cerebral energy production under normal physiological conditions (Himwich and Nahum, 1929 ; Siesjo, 1978) . Early estimates of the rate of cerebral glucose utilization in whole brain were obtained by combined mea surements of the arterial-venous difference of glu cose and the rate of cerebral blood flow (Gottstein et aI., 1963 ; Cohen et aI ., 1967; Theye and Michen felder, 1968) . More recently, the rate of glucose uti lization has been determined following the introduc tion of radiolabeled glucose or glucose an alogues by autoradiographic techniques (Hawkins et aI ., 1979 ; Sokoloff et aI ., 1977) or by measuring radioactivity in acid-soluble brain metabolites (Gaitonde, 1965; Garfinkel, 1966 ; Cremer and Heath, 1974; Hawkins et aI., 1974) . In addition to the rate of glucose up-permitted the rate of exchange between a-ketoglutarate (a-KG) and glutamate to be assessed in vivo. In rat brain, the exchange rate between a-KG and glutamate is be tween 89 ± 35 and 126 ± 22 times faster than the TCA cycle rate (mean ± SD, n = 4) . The sensitivity of the calculated value of the TCA cycle rate to other metabolic fluxes and to concentrations of glycolytic and TCA cycle intermediates was tested and found to be smalL Key Words: Nuclear magnetic resonance-Tricarboxylic acid cycle-Cerebral glucose metabolism-Glutamate-a Ketoglutarate-Rat brain.
take, methods which isolate specific metabolites have been used to determine the rate of pathways of glucose metabolism such as the tricarboxylic acid (TCA) cycle (Cremer and Heath, 1974; Garfinkel, 1966) . Detection of total tissue radioactivity follow ing uptake of 2-deoxyglucose by autoradiography (Sokoloff et aI., 1977) and measurement of the up take of [18F]fluorodeoxyglucose (Phelps et aI ., 1979 ; Reivich et aI ., 1979) or ["C]glucose (Raichle et aI ., 1975 ; Sacks et aI ., 1982 ; Blomqvist et aI ., 1990 ; Gut niak et aI ., 1990) by positron emission tomography have permitted regional measurements of glucose utilization to be made in both animal and human brain .
A limitation of methods for measuring glucose uptake from total tissue radioactivity after injection of radiolabeled glucose is that the distribution of radioactivity among metabolites is not measured. The use of glucose labeled with the stable 13C iso tope in conjunction with nuclear magnetic reso nance (NMR) spectroscopy permits the nondestruc tive regional determination of the 13C isotopic label ing of specific products of glucose metabolism (Cohen et aI ., 1980 ; Rothman et aI., 1990) . 13C NMR measurements of rabbit brain during infusions of [1-13C]glucose showed a major flow of label into the glutamate pool (Behar et aI ., 1986) , in agreement with previous 14C radiolabel experiments (Balazs, 1970 ; Hawkins et aI ., 1985) . Chance et al . (1983) used direct l3C NMR and isotopomer analysis in heart extracts to determine metabolic rates and ex change fluxes. While isotopomer analysis allows the measurement of multiple metabolic rates in ex tracts, the accuracy with which the TCA cycle rate (Vtca) can be determined depends primarily upon adequate time resolution and signal-to-noise ratios during the period in which metabolite labeling is increasing most quickly; 13C NMR does not possess the sensitivity necessary to make accurate measure ments of Vtca in brain in vivo. The sensitivity of the NMR measurement has been improved severalfold using IH-observed/13C-edited (POCE) NMR spec troscopy , which allows the measurement of the rapid time course of label incorporation into brain glutamate in animals (Rothman et aI ., 1985 ; Fitz patrick et aI ., 1990) and humans (Rothman et aI ., 1990) .
The time courses of isotopic labeling of glutamate C4 and C3 arising from [l-13C] glucose contain in fo rmation about the rate of the TCA cycle, which can be derived using mathematical modeling (Van den Berg and Garfinkel, 1971; Cremer and Heath , 1974; Chance et aI., 1983) . In these models, meta bolic pathways are represented by coupled equa tions describing the flow of isotope into and out of metabolite pools. Garfinkel (1966) developed an ex tensive model for determining metabolic rates that requires input of the radiolabeling time courses for a large number of metabolite carbon positions. The NMR data that have been obtained in vivo provide a more detailed time course of labeling of glutamate than previous 14C studies (Garfinkel , 1966 ; Van den Berg and Garfinkel, 1971 ) but provide less informa tion about the labeling of other metabolites. In the present study, we determine by numerical analysis the accuracy with which the cerebral TCA cycle rate can be determined from NMR measurements of the isotopic labeling of glutamate C4 and C3 in vivo during the infusion of [l-l3C] glucose , using the NMR data obtained from rat brain by Fitzpatrick et al . (1990) . The analysis also provides an estimate of the rate of exchange between a-ketoglutarate (a KG) and glutamate in brain. A preliminary account of this study was presented at the ninth annual meeting of the Society of Magnetic Resonance in Medicine (Mason et aI., 1990) .
METABOLIC MODEL
In our analysis, the time course of 13C fractional enrichment is modeled using mass balance equations written from individual carbon positions of metabolites. This approach is illustrated below for a two-step pathway:
consisting of a substrate (S) converted at a rate V (j.Lmol min -1 g -1) to a product (P) , which is metab olized at the same rate . Because the system is at metabolic steady state , V is constant. The time course of the 13C fractional enrichment of P is de scribed by the fo llowing isotope and mass balance equations:
where [P] and [P*] represent the total and l3C_ enriched concentrations (j.Lmol g -1) of the product P, respectively , and E is the fractional enrichment of the substrate S. If for t ;:?: 0 the value of E is constant , the solution to Eq s. (1) and (2) for the fractional l3C enrichment of P at any time t is given by
where X. equals V/ [P]. The value of X. can be deter mined by fitting Eq . (3) to the measured time course of 13C labeling. Provided [P] is known, the rate of isotopic flow (V) can be determined from X.. The model is based on the glutamate C4 labeling pattern fo llowing metabolism of [1-13C]glucose as depicted in Fig. 1 . Mass and isotope balance equa tions similar to Eqs. (1) and (2) can be written for all of the intermediates of the glycolytic and the TCA cycle pathways. If the concentration and isotopic enrichment of each metabolite are known as a fu nc tion of time , the system of equations could be solved to determine the glycolytic and TCA cycle rates, as well as the rates of isotopic exchange of each metabolite. However, for the present analysis, the available data are limited to the time courses of the l3C enrichment of glutamate C3 and C4 of rat brain and the C 1 enrichment of plasma glucose. The schematic representation of the metabolic model for determination of the value of Vtca from these data is shown in Fig. 2 . The mass and isotope balance equations relating each of the metabolite carbon atom positions are given in Table 1 . A glossary of terms is supplied at the end of this article.
The assumptions made in the modeling analysis are as follows: (a) The brain glucose pool is in rapid isotopic equilibrium with plasma glucose. The ef fect of a finite brain glucose turnover time (i.e., time '0 C-C-C-CO-CO' ---.0 C-C-C-CN-CO . 25 4 3 2 1 2 25 4 3 2 1 2 a-KG glu 
METHODS

Data
The NMR signal intensities of 1 3 C-labeled glutamate C4 and C3 were obtained from the experimental data of Fitz patrick et al. (1990) . It was assumed for the analysis that the glutamate C4 and C3 positions reached the same 1 3 C fractional enrichment at isotopic steady state and that [l-1 3 C]glucose was the only 1 3 C-labeled precursor. The metabolite concentrations and rates used for the calcula tions are those given in Fig. 2 and are based on published measurements for the rat brain under similar experimen tal conditions.
Computational methods
The modeling analysis was implemented on a 33 MHz 486 personal computer (Dell 433E, Austin, TX, U. S. A.) with Turbo Pascal 3.0 (Borland International, Inc., Scotts Valley, CA, U. S. A.), using a Runge-Kutta method to
Glucose in the plasma (Go) and the brain (G;) are in exchange at rates Vin and Vou,; these rates vary with glucose concentration but are as sumed in the model to be very fast. The 13C label flows at the rate Vg1y (fLmol min-1 g-1) through glucose-6-phosphate and fructose-6-phos phate, which are assumed to be in isotopic equi librium and are therefore added to form a single pool (G6P). The pentose phosphate pathway re moves label from G6P at the rate Vpp (0.03 x Vg1y) (Gaitonde et aI., 1983; Hawkins et aI., 1985) .
The 13C label continues through glycolysis through all of the intermediates from fructose- Hawkins and Mans (1983) ).
The 13C enters the TCA cycle and labels citrate and isocitrate at carbon 4; these pools are as sumed to be in isotopic equilibrium and are added to form a single pool (Cit4). At a-KG and glutamate C4, the 13C label exchanges between the mitochondrial and cytosolic pools of each; these exchanges are reduced to a single ex change between two grouped pools (KG4 and Glu4). Glutamate exchanges with glutamine at the rate Vg1n [0.08 fLmol min -1 g -1; calculated from Dzubow and Garfinkel (1970) ), labeling the C4 of glutamine (Gln4)' The 13C label continues through the cycle to oxaloacetate, which exchanges with aspartate (Asp); the TCA intermediates between a-KG and oxaloacetate are assumed to be in isotopic equilibrium and are added to form a single pool (OAA). The 13C label enters its second and all subsequent turns of the cycle at the lumped citrate pool (Cit 3 ), so called because the 13C flows now to the C3 of a-KG (KG 3 ), glutamate (Glu 3 ), and glutamine (Gln 3 )' 13C flow diverges at L at the pyruvate carboxylase rate Vpe (0.10 x V'ea) (Berl et aI., 1962) . Ve is equal to Vpe and serves to maintain the balance of mass in the TCA cycle.
solve the differential equations and a modified simplex algorithm from Dr. H. P. Hetherington to iterate the pa rameters (e. g. , Vtca) to find best fits. The 60 min of ex perimental data were divided into 750 to 30,000 intervals for the numerical integration. A two-step procedure, which is described in Section I of the Results section, was used to determine the values of Vtca and Vx' Error analysis A numerical method was used to determine the uncer tainty in the value of the iterated parameter (IP) for each data set. The standard deviation of the scatter of the 30-40 data points that describe the 1 3 C enrichment of gluta mate C4 and C3 about the least-squares fit to the data was determined according to the equations and 2 X 2
where FEi = the \3e fr actional enrichment of glu tamate measured at time t i' where measurements were made at t l' t2, •• " tn' and FE(t;) = the \3e fractional enrichment of glutamate predicted by the model at time t;. The noise power was assumed to be random and follow a Gaussian distribution of width defined by (T�oise as determined in Eq.
(4). Simulated data were created by adding ran domly generated noise having the same Gaussian distribution «(T�oise) to the calculated fit of the model. The model was fit to the simulated data, and the calculated value of IP was recorded. This procedure was repeated 50-70 times, and from the range of IP values the standard deviation of each measurement (Tip was calculated. The compu tation was stopped when the variation of (Tip was <0 .8% in five consecutive repetitions. The uncer tainties that appear in Table 2 were calculated this way. Gt(!) = G�(t) = function determined by the 13C glucose
The superscript (*) denotes 13C-labeled compounds. Subscript numbers are positions of labeled carbon. Concentrations without subscripts are total concentrations (unlabeled + l3C labeled).
RESULTS-SECTION I
The NMR-observed enrichment of glutamate C4 was analyzed to determine the rate of \3C labeling of glutamate C4. This rate is referred to as Vgt. The relationship between Vgt and the metabolic rates Vx and Vtca is determined by the divergence of flow at a-KG. The total flow of carbon out of the a-KG pool is Vt ca + Vx, and the fraction that flows from a-KG to glutamate is described by V)(Vt ca + Vx)'
Hence, the rate of isotopic flow into glutamate is Vg t = V te aVx/(Vtea + V x) Equation (4) can be rewritten as
In order to determine the values of V tca and VxlVtca from Vgt, the ratio V)Vt ca as iterated to fi t the model to the glutamate C3 labeling data.
Determination of V gt
To derive Vgt, the portion of the model beyond Cit 4 was modified to the form shown in Fig. 3A . The portion of the model that lies beyond glutamate C4 has no effect on the calculation of Vgt. A least squares fit of the metabolic model depicted in The TCA cycle supplies t 3C label to a-KG at a rate V tc .' 13C exchange occurs between a-KG pools in the mitochondria (KGm) and cytosol (KGe) at the rate V x 3 and between glutamate pools in the mitochondria (Glum) and cy tosol (Glue) at the rate V x4' Exchange also occurs between KGm and Glum at the rate V x t and KGc and Glue at the rate V x2' In the NMR experiment, mitochondrial and cytosolic pools were not distinguished. The flows among a-KG and glutamate in mitochondria and the cytosol were therefore simplified to the form shown in Fig. 1 . Cytosolic glutamate is in exchange with glutamine at the rate Vg1 n.
order to minimize the effects of uncertainties in the early times of plasma glucose [I_\3C] enrichment and the turnover times of brain glucose and other precursor pools, the fit was made using the fo llow ing procedure:
Step 1: The best value of Vgt was TABLE 2. The effect of the two-step fitting procedure on the calculation of the rate of l3c entry into glutamate C4 (Vg,)
Step 1 Step 2 1 The model in Fig. 3 was fit to the complete in vivo glutamate C4 labeling data set to obtain V gt (step O. Then, to reduce or eliminate the effects of precursor kinetics on the calculation, the data were truncated at t = 4 min and using the precursor enrich ments calculated in step 1, Vgt was redetermined (step 2). The uncertainties are standard deviations calculated from the scatter of the data about the calculated best fit of the model in Fig. 3 to the glutamate C4 labeling data.
determined from the least-squares fit of the model to the complete glutamate C4 labeling data begin ning at the start of the infusion, t = O. A fit to a typical set is shown in Fig. 4A. Step 2: A second Vgt calculation was performed, this time beginning with the first time point of the glutamate C4 data at t = 4 min (Fig. 4B) . The \3C enrichments of all of the glutamate precursors at this time point were set equal to the values calculated by the model in step I.
As shown in Table 2 , the values determined by this truncation procedure were similar to the values obtained without truncation. The small effect of truncation suggests that the glucose and subsequent precursor pools reached isotopic equilibrium rap idly, as expected from the low concentrations of these precursors and the rapid turnover of glucose (Section II of the Results section). Elimination of early time points is similar in principle to the
3
. . to sets of glutamate C4 labeling data to obtain an approxi mate value of V' ca and an approximate fit. B: The same data were used, but in order to reduce uncertainties of glutamate precursor labeling at early times, the first 4 min of data were eliminated and the model was fit using the measured gluta mate C4 labeling at 4 min as an initial value condition for the calculation.
method of Hawkins et al . (1974) , who waited for the brain and blood glucose specific activities to equil ibrate .
Determination of V tca and Vx In order for \3C to flow from glucose CI to glu tamate C3 , the \3C must pass through a-KG C4, where the fraction Vxf(Vx + Vtca) of the label is diverted to glutamate C4 . The rest of the \3C con tinues around the TCA cycle, labeling a-KG C2 and C3 . As the label arrives at a-KG C3, the fraction of label Vxl(Vx + Vtca) flows into glutamate C3. In order to illustrate the effects of Vx on the labeling time courses, the relationship between glutamate C4 and C3 labeling is discussed for two extreme cases: VJVtca � 1 and VxlVtca � 1.
When V JVtca � 1, effectively all of the \3C will pass through glutamate before its incorporation into a-KG C3 . The large pool of cerebral glutamate (� 12 mM) will significantly delay the appearance of \3C label in a-KG C3 and glutamate C3. As a result, the fractional enrichment of the carbon flow into gluta mate C3 will lag the flow into glutamate C4 consid erably.
When VJVtca � 1, the \3C label will traverse the TCA cycle before labeling glutamate C4 and C3 sig nificantly . The a-KG C4 and C3 positions would be expected to reach the same steady-state fractional enrichment rapidly since the combined concentra tions of the TCA cycle intermediates are low. Therefore , the time courses of glutamate C4 and C3 labeling will be similar. Figure 5 shows the measured glutamate C3 label ing time course fr om the same experiment as Fig. 4 . The curves shown in Fig. 5 represent the time courses of labeling of glutamate C3 as calculated from the modeling analysis with the value of Vgt U sing the relationship between glutamate C4 and C3 labeling, the value of VxlVtca was determined by iteration to obtain the least-squares fit to the gluta mate C3 labeling data. Isotopic exchange between oxaloacetate and aspartate was assessed since the concentration of aspartate is high (3.7 J..l mol g-I) and may contribute an additional lag to the time course of labeling of glutamate C3 (Table 3 ). The average value of V xlV tca calculated allowing com plete exchange with the total aspartate pool was 89 ± 35; in the absence of exchange , the ratio in creased to 126 ± 22 (mean ± SD, n = 4) .
The value of V tca for each data set was calculated by inserting the values of Vgt calculated for the corresponding data sets and the average value of VxlVtc a into Eq . (5) . For each data set, V)V tca }> 1 and Vtca = Vgt . Based on the labeling data in five experiments, an average value of 1.58 ± 0.41 J..l mol min -I g -I of wet weight (mean ± SD, n = 5) was determined for Vtca' The values of V xlVtca and of V tca calculated for each data set are given in Table   3 . As shown in Table 3 , the error in the determina tion of Vtca in individual experiments was only -10-13%. Therefore , the variation of the values of Vt ca among experiments reflects primarily interanimal variation. The rate of exchange between oxaloace tate and aspartate had a negligible effe ct on the de termination of Vtca from V gt. When V xlVtca }> 1, variations in the ratio have a negligible effect on the calculation of Vtca because effectively all of the label entering a-KG C4 is incorporated into gluta mate C4.
RESULTS-SECTION II
In this section, we investigate numerically the sensitivity of the determined values of V tca and Vx 
Turnover time of brain glucose
A short period of time is required for the cerebral glucose pool to reach isotopic equilibrium with plasma glucose, and this can be described by the turnover half-time (t1h), which is the time necessary for brain glucose to become 50% isotopically equil ibrated with plasma glucose. The turnover time re sults in underestimation of the value of V tca if tlh is assumed to be O. Savaki et al . (1980) measured a tl/2 = 1.2 min for a steady-state plasma glucose con centration of 13 mM . In contrast, the data of Fitz patrick et al . (1990) were acquired by raising the plasma glucose concentration quickly from 7 to 13 mM using [l-13C]glucose; this quick rise results in a rapid increase in brain glucose and a decrease in the value of t1h. 1 Time courses of glutamate C4 labeling were sim ulated using a range of tlh values between 0 and 2 min and the value of Vtc a determined from the data 1 The tllz of brain glucose isotopic labeling was estimated to be 30-40 s. The time-dependent behavior of total and [l_13CJ labeled brain glucose can be represented using Michaelis Menten kinetics (Lund-Andersen, 1979), assuming rapid equili bration of glucose throughout the brain water space (Buschiazzo et aI., 1970) : and where V m ax and Km are the Michaelis-Menten constants of glu cose transport in each direction. The initial value of Gj was cal culated from the initial value of Go using Eq. (3), and Go(t) and G6 (t)IGo(t) were used as input functions. The time-dependent isotopic enrichment of Gj was then solved in the same way as the other equations in the metabolic model. For Km and V m ax ranging from 4.9 mM and 2.35 f.Lmol min -I g-I to 13.6 mM and 4.6 f.Lmol min -I g-I, respectively (Cunningham et aI., 1986; Gj edde, 1980; Gj edde and Christensen, 1980 ; Gj edde and Crone, 1981 calcu lated from Lewis et aI., 1974; Gj edde and Rasmussen, 1980; Gj edde and Diemer, 1985; Mason et aI., 1992) , values of t liz were calculated to be 30-40 s.
(1.58 !-Lmol min -I g-I). The simulated time courses were then used as input for the model's fi tting pro cedure , and values of Vtc a were calculated (Table   4 ) . The effect of intracerebral glucose turnover on the calculated value of Vt ca was small , with an un derestimate of less than 4.3% for tlh � 1 min.
Labeling kinetics of intermediate pools
In the model, rapidly exchanging intermediates are represented by single pools with concentrations equal to the sum of the intermediates, as described in the Appendix. To evaluate the effe ct of this as sumption on the calculation of V tca, glutamate C4 labeling time courses were simulated for several values of Vtca , assuming no exchange between the intermediate metabolites. The simulated labeling time courses were then used as input for the mod el's fitting procedure. As shown in Table 5 , the val ues of V tca derived from the simulated time courses assuming no exchange among intermediates were overestimated by less than 3% of the simulation value of V tca.
Exchange between lactate and pyruvate
Because lactate is not in the direct path of glycol ysis and because its concentration is large com pared to the intermediates of glycolysis, we discuss its potential effects upon the calculation separately. Lactate and pyruvate are represented as a single pool in the metabolic model, due to the rapid rate of exchange through lactate dehydrogenase (LDH) (represented here as V 1 dh , the rate of unidirectional flows from lactate to pyruvate and pyruvate to lac tate). If the rate of exchange between these pools is slow, the calculated value of Vt ca will be overesti mated. In order to test the sensitivity of the calcu lation of Vtca to the value of V 1dh, time courses of labeling of glutamate C4 were simulated using a value of 1.58 !-Lmol min -I g -I for Vtca and a range of values for the ratio VldhlVtca' The simulated time courses were then used as input for the model's Glutamate C4 13C enrichment time courses were simulated using a range of values of V'c. (column I). The time courses were used as input for the model's fitting procedure to determine V'c.
(column 2). The percentage differences with the simulation val ues were then calculated (column 3). V t ca has units of jJ.mol min-I g-I.
fitting procedure and V tca was calculated. As shown in Table 6 , when VldhlVtca > 2, the overestimate in the derived value of V tca is less than 0.01%. Since VldhlVtca has been reported to be -100 (Lowry and Passonneau , 1964; Balazs, 1970) , the exchange be tween pyruvate and lactate has no significant effe ct on the calculation of V tca determined fr om the data.
Influx and efflux rates of lactate and pyruvate
During the initial times of the [l-B C]glucose in fu sion , blood lactate and pyruvate remain unla beled. Under these conditions, the unlabeled influx of these species will dilute the fractional B C enrich ments of cerebral pyruvate and glutamate by the same constant fraction, resulting in no effect on the calculation of V tca. The efflux of lactate does not change cerebral lactate B C fractional enrichment and can be neglected.
Exchange between glutamate and glutamine
In the glutamate labeling experiments , measure ments are made of the glutamate C4 intensity at 2. 35 ppm , which can be resolved from the glutamine peak at 2. 45 ppm. The conversion of glutamate into glutamine and GABA will not affe ct the glutamate C4 labeling kinetics. However, the rate of intercon version of glutamate and glutamine through the combined actions of glutamine synthetase and glu taminase, as represented by the rate Vg 1 n , could in- Glutamate C4 13C enrichment time courses were simulated using V tca = 1.58 jJ.mol min -I g-l and a range of values for Vldh/Vtca (column I). The simulated time courses were used as input for the model's fitting procedure to determine Vtca (column 2). The percentage differences were then calculated (column 3).
V t ca has units of jJ.mol min -I g -I .
fluence the calculated value of V tca, because the unlabeled carbon flowing into glutamate from glu tamine reduces the rate of labeling of glutamate C4. Dzubow and Garfinkel (1970) , using a two compartment computer model of rat brain metabo lism, reported a flow of 0.05 !-Lmol min-I g-I into glutamine from the large glutamate pool, with a re turn rate of 0. 11 !-Lmol min -I g-I. Assuming that the glutamate labeling reflects primarily the large glutamate pool (see the Discussion section) , these flows yield an average glutamate/glutamine inter conversion rate of 0.08 !-Lmol min -I g -1, consider ably lower than the maximum enzyme activity of 0.7 !-Lmol min-I g-I (Hawkins and Mans, 1983) . In order to test the sensitivity of the calculated value of V tca to the value of Vg 1 n , glutamate C4 la beling time courses were simulated using a range of values for Vg1n and a value of 1.58 !-Lmol min -I g -1 for Vtca. The time courses were used as input for the model's fitting procedure to determine V tca and in dicated that the error introduced by V y ln was less than 3% for Vg 1 n < 0. 2 !-Lmol min-I g- (Table 7) .
Pentose phosphate shunt
The pentose phosphate shunt rate has been re ported to be 1-3% of the glycolytic flux in the adult rat brain under basal conditions (Gaitonde et al ., 1983; Hawkins et aI ., 1985) . Because the shunt re moves intracerebral glucose from the glycolytic pathway and the l-I3C label is lost as 13C02, this pathway dilutes the glutamate l3C fractional enrich ment by a constant fraction and therefore has no effect on the determination of V tca '
Pyruvate carboxylase rate
The rate of substrate flow through pyruvate car boxylase (Vpc) affects principally the coupling be tween Vg1y and Vtca. Nonzero values of Vp c cause Vg 1y to be larger than one-half V tca, resulting in a greater rate of labeling of glycolytic intermediates than would otherwise be expected. To determine Glutamate C4 l3C enrichment time courses were simulated using Vtca = 1.58 f.Lmol min -I g-I and a range of values for Vg1n
(column 1). The simulated time courses were used as input for the model's fitting procedure to determine V,ca (column 2). The percentage differences were then calculated (column 3). Vtca and V gln have units of f.Lmol min -1 g -I.
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the effe ct of this on the calculation of V tca, gluta mate C4 labeling time courses were simulated using a value of 1.58 !-Lmol min -I g-I for Vtca and a range of values for the ratio V pc/V tca ' The simulated time courses were then used as input for the model's fitting procedure and the value of Vtca was calcu lated . As shown in Table 8 , the value of Vpc has little influence on the calculated value of V tca. Sub strate flow through pyruvate carboxylase results in labeling of glutamate C3 and not C4, so the higher the true value of V p c ' the more similar the glutamate C4 and C3 labeling kinetics should become. This means that if the value of V pc is greater than the value used in the calculation of Vtca and Vx , the value of V x calculated from the C3 data is actually an underestimate ; since Vx is already much larger than V tca, raising the value of Vx will not affect the calculation of the Vtca.
BC recycling
The recycling of isotopically labeled carbon at oms in glucose due to systemic metabolism and re synthesis will result in a redistribution of the iso tope in the glucose molecule (Katz and Rognstad , 1976) . Recycling of I 3C from Cl to position C6 of glucose will contribute to the labeling of glutamate C4. Because the infusion is designed to maintain a constant value of glucose C 1 fractional 13C enrich ment, \3C recycling to glucose C6 is equivalent to increasing the fr actional 1 3C enrichment of glucose Cl. A IH-decoupled l3C NMR spectrum of blood plasma obtained at 60 min of [l-l3C]glucose infusion indicated that the l3C label in glucose C6 was only 3.6% that of glucose Ct , after correction for the 1. 1 % l3C natural abundance. The extent of recy cling would be expected to be small under the present experimental conditions due to suppression of gluconeogenesis by the elevated plasma glucose concentration. Based on the rate of recycling of car bon into C6 of glucose of 2.2% min -I reported by Dunn et al . (1967) in rats measured by detritiation of Glutamate C4 13C enrichment time courses were simulated using Vtca = 1.58 f.Lmol min -I g -1 and a range of values for VpclVtca (column 1). The simulated time courses were used as input for the model's fitting procedure to determine Vtca (column 2). The percentage differences were then calculated (column 3).
[6-3H , U-14C]glucose, we determined the effect of l3C recycling to glucose C6 on the calculated value of Vt ca. Time courses of glutamate C4 labeling were simulated using a value of 1.58 j.1mol min -I g -I for
V t ca and a range of values representing the frac tional l3C enrichments of plasma glucose C6 after 60 min of infusion. The simulated time courses were used as input for the model's fitting routine to de termine the value of V t c a (see Table 9 ) . For glucose C6 labeling of 3.6% that of Cl, as measured from the l3C NMR spectrum, the error introduced into the calculation of V tca was found to be only 3.8%.
Recycling of 13C into glucose C2 and C5 would contribute to labeling of glutamate C3 and , if not measured, would lead to an underestimate in the calculated value of V)V t c a ; this, however, would have no measurable influence on the value of Vt as ca determined from the labeling of glutamate C4. Incorporation of l3C into positions C3 and C4 of glu cose also would not influence the determination of V t c a because these carbons are lost as l3C02 by the action of pyruvate dehydrogenase .
DISCUSSION
The value of the TCA cycle flux (Vt ca ) determined fr om the NMR experiment is equivalent to the rate of entry of acetyl-CoA into the TCA cycle. If the coupling of V t c a to oxygen consumption is known, the value of V t ca obtained from the NMR experi ment can be used to determine CMR02. The major source for oxidative metabolism in the brain is glu cose (Siesjo , 1978) , but during fa sting there may be significant contributions from (3-hydroxybutyrate (BHB) or acetoacetate (AcAc) (Hawkins et aI ., 1971) . The value of V t ca determined by the fitting procedure is the sum of the contributions of these sources: 
Glutamate C4 l3C enrichment time courses were simulated using V tca = 1.58 fl-mol min -I g -I and a range of values for the 60-min fractional l3C enrichment of glucose C6 (column 1). As suming a linear rate of glucose C6 labeling during 60 min (Dunn et aI. , 1967 (Dunn et aI. , , 1976 Katz and Dunn, 1967) , the simulated time courses were used as input for the model's fitting procedure to determine V tca (column 2). The percentage differences were then calculated (column 3).
V t ca
where Vg, V 13 , and V a c are the rates of acetyl-CoA entry into the TCA cycle from glucose, BHB, and AcAc , respectively . Assuming that acetyl-CoA is completely oxidized, the relationship between the rate of oxygen consumption and Vtca is given by CMR02 = 3Vg + 2.25 VI3 + 2Vac (8) Since BHB and AcAc are probably not significantly labeled relative to glucose during the l3C-labeled glucose infusion, oxidation of ketone bodies will di lute the 13C fractional enrichment of acetyl-CoA. Because the steady-state fractional enrichment of glutamate C4 is the same as that of acetyl-CoA, the fraction of acetyl-CoA that enters the TCA cycle from glucose (V/Vt ca ) can be determined accord ing to
Equation (9) is based on the assumption of no dilu tion of the fractional l3C enrichment of pyruvate from plasma lactate exchange and the pentose phos phate cycle , a well as no significant dilution of the glutamate pool by protein turnover during the pe riod of measurement.
In the experiments analyzed in this report (Fitz patrick et aI., 1990) , the rats were fa sted for �24 h. In a separate group of similarly fa sted rats, it was found that the glutamate C4 fractional enrichment was � 70% of that expected from the plasma [1-13C]glucose enrichment after a 60-min infusion (K. L. Behar, unpublished results) , indicating a substantial contribution from unlabeled sources. In the extreme case that the dilution is due entirely to BHB (i .e., so that Vg is 70% of the total TCA cycle flux) , the value of V t c a determined from the NMR data yields a value for CMR02 of 4.4 j.1mol min -1 g -I of wet weight, using Eq. (8) . If the dilution is from nonketone sources, the value of CMR02 is 4.7 j.1mol min -I g-I. The value of CMR02 calculated from the NMR data is similar to values of CMR02 of 3.9-4 .6 j.1mol min -I g-I (Hagerdal et aI., 1975; Nilsson and Siesjo , 1976 ) measured in nitrous ox ide-anesthetized rats by the Kety-Schmidt tech nique (Kety and Schmidt, 1948) .
Label exchange between a-KG and glutamate
The steps of exchange between a-KG and gluta mate are shown in Fig. 3B . As described in the Appendix, these reactions can be modeled as a sin gle exchange reaction operating at a rate Vx deter mined by the slowest of the individual steps. The rapid a-KG/glutamate exchange rate (� 100 x Vtc J obtained in this analysis and the close agreement between the value of V tca determined here and the rate of oxygen utilization by arterial-venous differ ence techniques are consistent with 1 4 C tracer stud ies showing rapid labeling of glutamate and high activities of aspartate aminotransferase (AAT) (Balazs and Haslam, 1965 ; Balazs, 1970 ; Hawkins and Mans, 1983; Hawkins et aI. , 1985) .
Although substantial evidence indicates that the activities of both mitochondrial and cytosolic AA T are extremely high, less information exists about the translocation of a-KG and glutamate between the cytosol and mitochondria.
2 If a substantial frac tion of the observed glutamate is cytosolic , then the exchange rate between mitochondrial and cytosolic a-KG and glutamate will be fa st compared with V tca. The malate/aspartate shuttle maintains differ ent cytosolic and mitochondrial redox potentials by exchanging glutamate for aspartate and a-KG for malate across the mitochondrial membrane; the rate of this shuttle is unknown but must be approxi mately equal to the rate of oxygen consumption. Therefore , the very high rate of a-KG/glutamate ex change determined in the present study suggests that the majority of the mitochondrial/cytosolic ex change is independent of the malate/aspartate shut tle , because such fa st exchange would equilibrate the mitochondrial and cytosolic redox potentials. However, rapid a-KG/a-KG exchange can lead to isotopic equilibrium between the mitochondria and the cytosol with(lUt affecting the redox potential. Evidence exis a-KG/a-KG exchange across the mitochondrial Inembrane that is rapid compared to the TCA cycle flux (Sluse et aI. , 1972) . Based on results using rat heart mitochondria, the rate of the exchange reaction of the a-KG translocase is 71 !-Lmol min -1 g -1 of wet weight at 37°C [calculated from the data of Sluse et al. (1972) assuming a QIO of 2 Total AAT activity (soluble plus mitochondrial) ranges from 42-198 f.Lmol min-I g-I in the rat brain (Haslam and Krebs, 1963; Balazs and Haslam, 1965; Balazs, 1970; Cooper and Meis ter, 1985) . Rapid exchange (t'/2 to approach equilibrium at ,;; 2 s) between the mitochondrial components of AAT and glutamate dehydrogenase (glutamate and aspartate) has been observed fol lowing pulse labeling with 13N-labeled ammonia in the rat liver (Cooper and Plum, 1987) , a tissue having similar AAT activity to that of the brain. Mitochondrial AAT activity ranges from 31-77 f.Lmol min-I g-' (Balazs, 1965; Patel and Tilgham, 1973; Dennis et aI., 1977) , and separation of mitochondria into synaptic and non synaptic fractions yields activities between 54 and 73 f.Lmol min -I g-I (calculated from these references assuming Q I O of 1.7 and 20 mg of mitochondrial proteinig of tissue). Since the rate of exchange for the half-reaction catalyzed by AAT between gluta mate and a-KG is 2.7 times faster than the rate of the overall transamination of OAA by glutamate (Velick and Vavra, 1962) , the rate of exchange between a-KG and glutamate can be esti mated to be between 84 and 535 times greater than the TCA cycle flux when mediated by AAT alone.
J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 1.7 and 20 mg of mitochondrial proteinlg of heart tissue]. Therefore, assuming that the ability of heart and brain mitochondria to exchange a-KG is similar kinetically, the translocase flux is approximately 50 times greater than the TCA cycle flux. The high rate of exchange determined in the present study sug gests that a similarly rapid a-KG exchange mecha nism is present in the brain.
Compartmentation of the TCA cycle
In the analysis of the experimental data, we have assumed that the glutamate observed by NMR com prises a single kinetic pool. MUltiexponential anal ysis of the C4 glutamate data was performed in the study by Fitzpatrick et al. (1990) , and it was found that there was negligible improvement in the fit when more than one exponential was used. A small pool of glutamate turning over rapidly would be missed by the model's fitting procedure , which ne glects the first several minutes because of the low signal-to-noise ratio and experimental uncertainties such as the time course of glucose arrival in the brain. The finding that the majority of glutamate turns over a single kinetic pool is in agreement with earlier 1 4 C studies (Van den Berg and Garfinkel, 197 1). The good agreement between the present value of Vt ca and previous measurements of CMR02 suggests that the majority of oxygen consumption in the cerebral cortex is by the cells containing the large pool of glutamate, which is believed to be pri marily associated with neurons (Van den Berg et aI. , 1970) .
SUMMARY AND CONCLUSION
We have determined the rates of the cerebral TCA cycle and the exchange between a-KG and glutamate by using a mathematical model of metab olism to analyze the time course of glutamate C4 and C3 B C labeling measured in rat brain in vivo during a [l-B C]glucose infusion. Using the data of Fitzpatrick et al. (1990) , a rate of 1.58 ± 0.41 !-Lmol min -1 g -1 was found for the TCA cycle in the rat brain. The value of CMR02 calculated from this value of V tca is in agreement with oxygen and glu cose consumption rates obtained by previous tech niques. The exchange between a-KG and glutamate was found to be between 89 and 126 times faster than the TCA cycle rate. If a significant portion of glutamate is cytosolic, this high rate supports the existence of a rapid mitochondriallcytosolic dicar boxylic acid exchange mechanism in the brain. The simplifications assumed in the model were tested by numerical analysis and were shown to have negligi ble effects on the calculated values of V tca and Vx' The uncertainty in V tca for individual animals was determined from the signal-to-noise ratio of the NMR experiment to be 10-13%, which is less than the interanimal variation. Within the present exper imental accuracy, the 13C labeling of glutamate C4 is described by a single exponential time constant representing the kinetics of a single , large pool of cerebral glutamate, presumably neuronal . The present analysis of the rat data indicates that values of the TCA cycle rates can be provided by a similar analysis of glutamate labeling in the human brain. When four pools exchange in the pattern of mi tochondrial and cytosolic a-KG and glutamate (Fig.  3B) , and the method of measuring isotopic labeling does not distinguish between the pools that are be side the principal path of flow, the exchanges may be expressed as occurring through a single reaction (Fig. 2) . In this case , the pools cannot be distin guished because the concentration of a-KG is too low to detect by NMR and mitochondrial and cyto solie glutamate have the same chemical shift. Therefore , a 13C labeling experiment can not be used to distinguish between fast mitochondrial! cytosolic exchange and fast a-KG/glutamate ex change . To facilitate calculation, the exchanges can therefore be represented by two infinitely fast ex changes and two exchanges of a finite rate. The pools that are in rapid communication can be com bined according to the rationale given in the first section of this Appendix. For simplicity, we chose to combine the a-KG polls for one and the gluta mate pools for the other. The exchanges that link the a-KG and glutamate in each compartment act in concert and were added, leaving the present case where the total a-KG pool exchanges with the total glutamate pool (Fig. 2) . All concentrations have units of fLmol g-I wet weight. All rates have units of fLmol min -I g -I wet weight.
Glossary of terms
